A crisscross section column composed of concrete-filled square steel tubes was tested in axial loading up to failure. The column was analyzed by the finite element method and the ultimate load as well as the failure mode were in agreement with the experimental findings. An analytical method was also proposed which when applied to the tested column gave an estimate of the ultimate load about 4% different from the experimental. The analytical method also predicted the mode of failure correctly.
Introduction
Special-shaped columns have found applications in many structures, especially residential buildings. Compared with regular columns, special-shaped columns have the distinguishing characteristic of flexible sections such as L-shaped, T -shaped, and crisscross sections. The use of special-shaped columns in residential buildings can give more indoor space than regular rectangular or square columns.
The behavior of special-shaped reinforced concrete columns has been the subject of investigation and many experimental and analytical studies have been published. Ramamurthy and Hafeez Khan [1983] have proposed a method to determine the theoretical ultimate loads of L-shaped concrete columns based on the concept of an equivalent square or rectangular column. Hsu [1985; 1989] has presented theoretical and experimental results for L-shaped and T -shaped reinforced concrete sections. Mallikarjuna and Mahadevappa [1992; have carried out numerical investigations on the strength of L-shaped and T -shaped short reinforced concrete columns that have been subjected to combined axial loading and bending in order to provide design aids for structural engineers. Tsao and Hsu [1993; have presented an experimental and analytical investigation of the strength and deformation behavior of biaxially loaded slender and tied columns with L-shaped cross sections. Dundar and Sahin 1993] have studied reinforced concrete L-shaped sections under biaxial bending and axial loads. Demagh et al. [2005] have carried out numerical investigations for the analysis and the design of L-shaped short reinforced concrete columns subjected to combined axial loads and bending based on the fiber method. have studied the behavior of concrete-encased composite columns with L-shaped sections under short-term axial loads and biaxial bending by means of both experiment and theoretical analysis. For determination of the behavior of eccentrically loaded short and slender composite columns, a theoretical procedure considering the nonlinear behavior of the materials has been proposed.
Keywords: crisscross section composite column, concrete-filled square steel tubes, stability, axial compression experiment, finite element analysis, analytical method. This research was supported by the Chinese Program for New Century Excellent Talents in University. The financial support is greatly appreciated. In recent years, concrete-filled square steel tubular (CFST) columns have been widely used in the construction of buildings due to their excellent static and earthquake-resistant properties, such as high strength, high ductility, and large energy dissipation capacity. A large number of studies have been carried out on CFST columns. Several surveys on CFST structures have also been published [Han 2002; Tsai et al. 2003; Fujimoto et al. 2004; Han et al. 2008] . By contrast, special-shaped columns consisting of CFST columns have not been studied. The focus of this investigation is a new type of crisscross section column composed of concrete-filled square steel tubes (XCFST) made up of five CFST columns with steel bracing connections as shown in Figure 1 . Since each monocolumn is a CFST column, the whole XCFST column also has better static, earthquake, and fire resistance behavior.
Compared to regular columns, as shown in Figure 2 , each monocolumn of an XCFST column has a smaller section. Therefore, in residential buildings, they can be embedded in walls so as to avoid convex corners indoors and to enlarge the usable interior area. The objectives of this study are to determine the maximum load-bearing capacity of an XCFST column subjected to axial compression and to investigate the failure pattern up to the ultimate load. We adopted a three-pronged approach: experiment, analytical study, and finite element simulation. Specifically, we report the experimental test results of an XCFST column under axial compression, use finite element modeling to analyze the process, and develop a method for calculating the maximum load-bearing capacity of an XCFST column under axial compression. All three approaches were applied to the same model, which we describe in the next section.
Experimental work
The specimen. The specimen in the experimental study was an XCFST column that was two meters long with square steel tubes of 100 mm × 100 mm × 5.75 mm. The horizontal bracings were 100 mm × 40 mm × 10 mm, and the diagonal bracings were 142 mm × 28 mm × 10 mm at 45 • .
The manufacturing process of the specimen was as follows. The tubes were all manufactured from steel plates, with the plates being tack welded into a square shape. After this, the square steel tubes and bracings were cut and welded together. A 10 mm thick steel plate was welded on the bottom of the specimen. Concrete was cast and consolidated in the square steel tubes tightly. After curing, a layer of cement mortar was used as a cap so that the concrete surface was flush with the steel tube at the top. Finally another 10 mm thick steel plate was welded at the top of the specimen. The specimen is shown in Figure 3 , left.
Material properties. To determine the steel properties of the square tubes and the bracings, tension coupons were cut and tested in tension. For the square tubes, the average yield strength was 229 MPa, the ultimate strength 429 MPa, and the modulus of elasticity 1.89×10 5 MPa. For the bracings, the average yield strength was 274 MPa, the ultimate strength 415 MPa, and the modulus of elasticity 4.11 × 10 5 MPa. To determine the concrete material properties, three 150 × 150 × 150 mm cubes were cast and cured in conditions similar to that of the experiment. The mix proportions of concrete were cement 353 kg/m 3 , water 175 kg/m 3 , sand 696 kg/m 3 , and coarse aggregate 1088 kg/m 3 . The average crushing strength of these concrete cubes after 28 days was 49.7 MPa and the modulus of elasticity was 4.33 × 10 4 MPa.
Test procedure. The XCFST specimen was tested with pinned conditions at both ends using a 5000 kN capacity axial actuator. The testing setup for the XCFST specimen is shown in Figure 3 , middle and right.
The specimen was loaded until it reached the failure point. A load interval of about one tenth of the estimated carrying load capacity was used. Each load interval was maintained for about 2-3 minutes. The progress of deformation, the mode of failure, and the maximum load taken by the specimen were recorded continuously.
During the test, the load level was controlled by the actuator. The lateral dials monitored the deflection of the monocolumns. The vertical dials recorded the displacement of the XCFST column. The location of the instrumentation is shown in Figure 4 , left. The labels 1, 4, 7, and 10 indicate the lateral dials attached at 1.5 m from the ground plate; 2, 5, 8, and 11 indicate the lateral dials at 1.0 m, which is the middle height of each monocolumn; 3, 6, 9, and 12 indicate the lateral dials at 0.5 m; and 13 and 14 indicate the vertical dials in the top plate of the XCFST column.
Test results. The test was stopped when the XCFST column reached the ultimate bearing capacity. The deformation of failure was very small. Figure 4 , right, shows the failure mode of the XCFST column, and as shown there were small deformations of each monocolumn.
Load versus axial shortening. The load versus shortening curve provides information on the ultimate carrying capacity of the XCFST column specimen. Axial shortening (mm) Figure 5 . Axial load versus shortening curve of the XCFST specimen. Figure 5 shows the relation of the axial force and axial shortening of the XCFST specimen. Note that up to about 6100 kN, the behavior was almost linear. Beyond this load, the XCFST column entered the bulking stage. Finally at a load of 6390 kN, the shortening was 15.2 mm and the test was stopped.
Deflection of monocolumn. Figure 6 shows the deformation history of each monocolumn. The number in parenthesis identifies the dials (for example, 1, 2, and 3). The load level designation from 600 kN to 6390 kN is shown in the box next to the profile of the column.
According to Figure 6 , at the failure load of 6390 kN, the deflection of monocolumn X3 was the largest of the four monocolumns. The failure process was initiated by the buckling of monocolumn X3.
Discussions of experimental behavior of specimen. From the load-deformation curve, it is apparent that for a load less than about 6100 kN the XCFST column remains in the elastic range. This is true for the monocolumns X2, X3, and X4. For a load above 6100 kN the column enters gradually into the buckling stage and the load-deformation curve deviates from linearity. At a load of 6390 kN, the XCFST column has reached its ultimate capacity. Finally it appears that the failure process is initiated by the buckling of monocolumn X3.
Finite element analysis
General. The commercial finite element software ANSYS has been used to simulate the axial compression experiment of the XCFST specimen as described before. There are three main components that need to be modeled in order to simulate the behavior of the XCFST column. These are the steel tubes and bracings, the infilled concrete, and the interface between the concrete and the steel tube. In addition, the choice of the element type, the mesh size, the initial geometric deformation, the boundary conditions, and the load application are also important in simulating the special-shaped column. 
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Monocolumn X3 (10,11,12) Monocolumn X4 (4,5,6) Figure 6 . Deflection of single concrete-filled square steel tubes.
Modeling of the steel tubes and bracings. In this simulation, the element SHELL 181 was used to model the steel tubes and bracings. SHELL 181 is a 4-node doubly curved shell element which has six degrees of freedom per node. This element's capacity for transverse shear deformation provides adequate accuracy in simulating the buckling behavior of the steel tubes. The constitutive law of steel tubes and bracings [GB50017 2003] was assumed elastoplastic with yielding strain equal to f y /E s . The strain hardening was ignored and the Poisson's ratio was equal to 0.3. The idealized stress-strain curve used in the numerical analysis is shown in Figure 7 , left.
Modeling of the concrete. The three-dimensional 8-node element SOLID 65 was adopted to model the infilled concrete. Each node of the element has three degrees of freedom. This element is capable of cracking, crushing, and plastic deformation and can achieve accurate results in simulating the behavior of concrete in axial loads.
The ratio of the thickness of the tube plates to the overall size of the tube cross section was not adequate to provide confinement. Therefore, the uniaxial stress-strain curve was adopted [Ellobody and Young 2006] . The constitutive law of concrete has two branches. The ascending branch was assumed to be parabolic up to a strain equal to 0.003 and the descending branch was linear, as shown on the graph on the right in Figure 7 .
Modeling of the concrete-steel tube interface. The contact action between the steel tube and the concrete was modeled by the contact elements TARGE 170 and CONTA 173. These surface-to-surface contact elements consist of two matching contact faces of the steel tube and concrete elements. The friction between the two faces is maintained as long as the surfaces remain in contact. The coefficient of friction between the two faces was taken as 0.25 in the analysis. These contact elements allow the surfaces to separate under the influence of tensile force. However, the contact elements are not allowed to penetrate each other.
Mesh size and initial geometrical deformation. Different mesh sizes have been tried to choose a reasonable mesh that can provide both accurate results and reasonable computational time. It was found that a mesh size of approximately 1:1:2 (length:width:depth) for solid elements and 1:1 (length:width) for shell elements can achieve accurate results. The coincident nodes between steel tubes and bracings were merged after all elements were meshed in order to ensure that the deformations of the steel tubes and bracings in such places were identical. In practice, there are initial geometrical deformations in the XCFST specimen. Therefore the influence of initial geometrical deformation was considered in this simulation. For this purpose, a 1‰ initial deformation resembling the first-order buckling mode was introduced to the finite element modeling.
Boundary conditions and load application. Pinned boundary conditions were assumed. The top and bottom surfaces of the XCFST column were restrained in all translational degrees of freedom except for the displacement of the top plate in the direction of the applied load.
The load was applied as a static uniform load using the displacement control at each node of the loaded top surface, and the displacements were applied in incremental steps, which were identical to the steps of the experimental investigation.
The finite element model is shown in Figure 8 . the results of the finite element model in this study. The mean difference between the experiment data and the simulated results, shown in Figure 9 , was less than 5%.
Comparison of results. The force-deformation curve obtained by finite element analysis is shown in Figure 10 . The ultimate capacity is 5929 kN. The failure mode is shown in Figure 11 . It was found that the deformation of the monocolumns was in the flexure mode whereas the deformation mode of the XCFST column was very small. Note that the experimentally obtained failure load (6390 kN) compares well with the value predicted by finite element analysis (5929 kN), with a difference of 7.2%. Also the experimentally observed deformation models of the monocolumns and the XCFST column were the same as the ones predicted by finite element analysis. 
Analytical evaluation of the axial capacity
General. According to the Design Code for Steel Structures [GB50017 2003 ], the ultimate bearing capacity N u , the sum of the capacities of the steel and the concrete, and the design capacity N are given by
where λ is the stability factor, f y is the yield stress of the steel, f c is the axial strength of the concrete, A c is the cross sectional area of the concrete, and A s is the cross sectional area of the steel tube.
The slenderness ratio (λ o ). In an XCFST, the shear stiffness of the bracings among the monocolumns is weak so that buckling may happen under axial compression and the calculation of the slenderness ratio of the XCFST is the key component in the superposition theory.
The formula for λ o is derived based on the following assumptions: All three monocolumns have the same size and material properties for steel and concrete. The horizontal and diagonal bracings have the same size. The spatial truss model is employed for the analysis.
The slenderness ratio of a truss with pinned supporting condition is given by the theory of elastic stability [Leonard and George 2005] :
where λ o is the slenderness ratio of the XCFST column, λ 1 is the slenderness ratio of the unbraced columns for the x-x or y-y axis as shown in Figure 12 , γ 1 is the angle of unit shear as explained later (see (4)), n is the number of monocolumns, E s is the steel modulus of elasticity, A s is the cross sectional area of the steel tubes, E c is the concrete modulus of elasticity, and A c is the cross sectional area of the concrete.
The derivation of the slenderness ratio for buckling is based on Figure 13 . One half of the structure is shown in Figure 13c because of symmetry.
From Figure 13b and c, it can be seen that the axial force of the diagonal bracing N d is N d = 1 2 sin θ , where θ is the angle between the steel tube and the diagonal bracing.
The axial deformation of the diagonal bracing d is:
where l d is the length of the diagonal bracing, a is the length of vertical projection for the diagonal bracing, and A 1 is the cross sectional area of the diagonal bracing. Therefore, the angle of the unit shear is:
where is the length of horizontal projection of axial deformation for the diagonal bracing d . Substituting γ 1 from (4) into (2), the equivalent slenderness ratio becomes:
Application of the analytical method. The method explained in the previous paragraph will be applied to compute the ultimate axial capacity of the tested XCFST column. With reference to the previous two subsections, the values of the structural parameters involved in Equations (1) With these values, the slenderness ratio in bending buckling is given by (5): 
Conclusions
The ultimate capacity of a crisscross section column composed of concrete-filled square steel tubes (XCFST) was determined experimentally by finite element analysis and by the analytical method explained in this paper. It was found that the results are in agreement. More specifically, the ultimate capacity of the XCFST specimen was found experimentally to be equal to 6390 kN. By finite element analysis, the ultimate capacity was evaluated to be equal to 5959 kN, a difference of 7.2%. The value of the ultimate capacity predicted by the analytical method was 5820 kN, an 8.9% difference from the experimentally obtained value.
Based on the evidence presented in this paper, the analytical method predicts the ultimate capacity with adequate accuracy. The axial compression stability of an XCFST was studied, and the results of the analytical method and finite element analysis all show that the failure process of the XCFST specimen was initiated by the buckling of the monocolumn.
